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Abstract
Carbon dioxide sequestration using brines has emerged as a promising technology to mitigate the adverse
impacts of climate change due to its large storage capacity and favourable chemistries. However, the
permanent storage (mineral trapping) of CO2 in brines takes significantly long periods of time as the
formation of carbonates is very slow. The main parameters (brine composition, brine pH, system 
temperature and pressure) have been reported to affect significantly mineral trapping of CO2 sequestration 
in brines. The precipitation of mineral carbonates is mostly dependent on brine pH. This study aims to
promote the formation of carbonates by using additives that can enhance the brine pH. The pH effect of 
mixtures of a typical buffer solution (0.3M Tris) and coal fly ash (Class C) on promoting the precipitation 
of mineral carbonates (mainly calcium carbonates) for above-ground carbonation was evaluated in this
study. The CO2 binding capacity of the combination of tris buffer and fly ash was around 5.1 times larger
than when only tris buffer was used and the combination had a synergistic effect on promoting the
formation of mineral carbonates.
.
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Carbon dioxide capture and storage (CCS) is considered as a promising option for reducing 
anthropogenic carbon dioxide (CO2) emissions and stabilizing atmospheric CO2 concentration [1]. It has 
been suggested that both carbonation conversion rates and the specific carbonates species formed are 
mostly dependent on brine pH compared to temperature and pressure conditions [2-3]. The precipitation 
of carbonate minerals is favored over a basic pH of 9.0 because of the availability of carbonate ions [4]. 
Therefore, in order to promote the precipitation of mineral carbonates, brine pH could be enhanced by 
using various additives [5]. 
 
It has been demonstrated that CO2 geological sequestration can be promoted by adding alkaline buffer 
solutions as a caustic agent to acidic brine solutions [2]. Although buffer solutions (such as 0.3M tris 
buffer solution) have considerably high efficiency (46% at 45°C, 1 bar) in terms of forming mineral 
carbonates, the cost of the buffer used may be key issue for their feasibility of a large-scale operation [6]. 
Therefore, other alkaline additives (such as waste caustic materials) should be considered to modify the 
pH of the brine. Recently, Soong et al. (2006) and Monte-Hernandez et al. (2009) proposed the use of 
coal combustion fly ash and brine solutions (oil-field brines) to sequester CO2 via mineral trapping [7-8]. 
Coal combustion fly ash is an industrial waste which contains lime (CaO). Fly ash (lime) reacts with brine 
solution to form calcium hydroxide (Ca(OH)2) giving the system a pH between 10 and 13 as a medium 
(9-11) to strong base (11-14). However, fly ash may not be able to keep brine pH at a nearly constant 
value, and therefore, a combination of fly ash and the selected buffer solution was considered as an 
additive to increase and maintain the pH level of the brine and in order to maximise the formation of 
mineral carbonates. 
 
2. Experimental methods 
0.3M Tris buffer solution was selected as the optimal buffer (in terms of forming mineral carbonates) 
in previous pH adjustment studies with the selected buffer solutions [6], while the Class C fly ash used in 
this study was provided by the Centre for Applied Energy Research of the University of Kentucky 
(CAER), and comes from the fifth largest electric generating plant of the USA-Robert Scherer Power 
Plant in the Georgia State. Two different amounts of the buffer were added in this pH stability studies. 
One was 10 ml that is the amount needed to have the initial brine pH just above 9.0; the other is 50 ml 
that is for the excess study. Moreover, the pH stability of brine alone with the fly ash was also conducted. 
The mass of fly ash used in each experiment was 10/1 (mass of brine/ mass of fly ash) based on a 
previous study [7]. 100 ml of the brine was poured into a 250ml conical flask in this pH stability 
study.Carbonation studies of the synthetic brines were studied at high pressure/high temperature and/or 
ambient pressure and temperature with an additive over 24 hours. Un-reacted fly ash and solids collected 
from carbonation experiments were analysed by SEM/EDS and XRD. While ICP-MS analyses were used 
to characterise un-reacted brines and the filtered liquid samples after the carbonation experiments. 
 
3. Results and discussion 
100 ml of the brine was poured into a 250ml conical flask. The solution was mixed effectively and 
continuously throughout the experiment by using a magnetic stirrer. Table 1 summarizes the details of the 
six pH stability experiments conducted with the buffer and fly ash. All the pH stability studies were 
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conducted in duplicate. The initial pH values of the brines before the buffer was added were around 2.50 
for all the experiments. The experimental error in the pH measurements was ±0.02. 
 
Table 1 pH stability studies with fly ash and the buffer. 
Exp.  
No. 
Brine 
(ml) 
Buffer 
(ml) 
Fly ash 
(g) 
pHintial pHopen pHfinal 
1FA 100 0 11.65 2.51 9.98 8.65 
2FA 100 0 11.65 2.49 9.92 8.56 
3FA 100 10 11.65 9.06 10.16 9.79 
4FA 100 10 11.65 9.05 10.17 9.86 
5FA 100 50 11.65 10.02 10.62 9.95 
6FA 100 50 11.65 10.01 10.63 10.01 
* pHinitial: Initial solution pH when additives added; pHopen: pH once opened; pHfinal: Final brine pH  
 
Table 2 Carbonation experiments for pH adjustment studies with fly ash and tris buffer solution. 
 
 
Because both the synthetic brine and the fly ash used are rich in Ca, they may contribute to the 
formation of CaCO3. The contribution of Ca from the brine can be verified via the experiments conducted 
at the same conditions by replacing the brine with distilled water (Expt. No.B7B and B8B). In order to 
further understand how the buffer affects the fly ash in promoting mineral trapping, blank tests were 
conducted by only using the Class C fly ash under the same pressure and temperature conditions (Expt. 
No.B1Band B2B). Table 2 summarizes the pH variation and precipitates formed in the eight carbonation 
Exp.  
No. 
Brine 
(ml) 
Water 
(ml) 
Buffer 
(ml) 
Fly ash 
(g) 
T  
o C 
P 
bar 
Initial 
pH 
Final 
pH 
Precipitates 
formed 
(mg) 
B1B 100 0 0 11.65 25 1 2.51 4.66 +1367 
B2B 100 0 0 11.65 100 103 2.49 4.89 +3113 
B3B 100 0 10 11.65 25 1 9.02 6.23 +1728 
B4B 100 0 10 11.65 100 103 9.05 6.67 +4010 
B5B 100 0 50 11.65 25 1 10.00 6.98 +1952 
B6B 100 0 50 11.65 100 103 10.02 7.33 +4349 
B7B 0 100 50 9.95 25 1 7.09 6.07 +381 
B8B 0 100 50 9.95 100 103 7.06 6.25 +755 
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experiments after 24 hours. The amount of the precipitates formed from the carbonation studies was the 
difference between the amount of solid collected after reaction and fly ash added before reaction, and the 
positive values mean that the solid collected after reaction is more than the fly ash added. 
 
From the results of ICP-MS, it can be observed that the concentration of all ions had decreased during 
the CO2-brine carbonation experiments (B1B-B6B), with the exception of Ca. This means that halite, 
magnesite and iron hydroxide may precipitate. While the increase of the Ca concentration may be due to 
the dissolution of the fly ash added. For the CO2-water carbonation experiments (B7B-B8B), it can be 
observed that the concentration of all ions had increased due to the dissolution of the fly ash. Whether 
calcium carbonates formed during the reactions need to be verified by characterisation of solid products, 
such as XRD and SEM/EDS. 
 
All the eight precipitates were analysed by XRD. Figure 1 shows the XRD pattern for precipitate B5B, 
which is representative of precipitates produced from the carbonation experiments. It can be observed that 
precipitate B5B contained calcium carbonates (calcite and aragonite), quartz and halite. Quantitative XRD 
analysis was conducted by using  and it indicated that calcite and aragonite were the 
major component, which accounted for at least 66% of the precipitates in all the cases. This means that 
Ca2+ reacted with CO32- during carbonation experiments. Precipitate B5B had the higher percentage (over 
70%) of calcium carbonates. Moreover, the experiments with the distilled water produced around 20% 
solids of the ones with brine under the same temperature and pressure. Therefore, the brine solution also 
has the significant contribution toward the formation of CaCO3 (by providing Ca2+).  
 
 
 
 
 
 
 
 
 
Figure 1 XRD patterns for precipitate B5B. 
4. Conclusions 
Both XRD and SEM/EDS analyses confirmed that calcium carbonates (calcite and aragonite) were the 
major component of the solid products after the carbonation reactions, which accounted for at least 66% 
of the precipitates in all the cases. It means that Ca2+ reacted with CO32- to form CaCO3 during the 
experiments. The combination of Class C fly ash and tris buffer had higher efficiency in terms of 
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carbonation formation than only fly ash added at same temperature and pressure conditions, as more 
solids formed (30%-40% more). 
 
CO2 binding capacity using 0.3M tris buffer solution or Class C fly ash is equivalent to 1.069g or 
3.970g of CO2 sequestered by mineral trapping in 1 litre of brine at ambient temperature and pressure 
after 24 hours. Therefore, the CO2 binding capacity of fly ash was over 3.7 times larger than that of tris 
buffer. The CO2 binding capacity increased by 36.5% to 5.419g of CO2 per 1 litre of brine at ambient 
temperature and pressure after 24 hours by using the combination of both tris buffer and fly ash, which 
was around 5.1 times larger than it only with tris buffer at ambient temperature and pressure. The sum of 
binding capacities of tris buffer and fly ash (5.039g) is smaller than that of their combination (5.419g). 
Therefore, it can be concluded that Class C fly ash and 0.3M tris buffer solution have a synergistic effect 
on promoting the formation of mineral carbonates.  
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